4H-SiC Schottky diodes with Ni2Si contacts for X-ray detection by Lioliou, G et al.
4H­SiC Schottky diodes with Ni2Si contacts for X­ray 
detection
Article  (Accepted Version)
http://sro.sussex.ac.uk
Lioliou, G, Gemmell, N R, Mazzillo, M, Sciuto, A and Barnett, A M (2019) 4H-SiC Schottky diodes 
with Ni2Si contacts for X-ray detection. Nuclear Instruments and Methods in Physics Research 
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 940. pp. 328-336. 
ISSN 0168-9002 
This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/84748/
This document is made available in accordance with publisher policies and may differ from the 
published  version or from the version of record. If you wish to cite this item you are advised to 
consult the publisher’s version. Please see the URL above for details on accessing the published 
version. 
Copyright and reuse: 
Sussex Research Online is a digital repository of the research output of the University.
Copyright and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable, the material 
made available in SRO has been checked for eligibility before being made available. 
Copies of full text items generally can be reproduced, displayed or performed and given to third 
parties in any format or medium for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge, provided that the authors, title and full bibliographic 
details are credited, a hyperlink and/or URL is given for the original metadata page and the 
content is not changed in any way. 
1 
 
4H-SiC Schottky diodes with Ni2Si contacts for X-ray detection  1 
G. Lioliou1*, N.R. Gemmell1, M. Mazzillo2, A. Sciuto3, A.M. Barnett1 2 
1 Space Research Group, Sch. of Engineering and Informatics, University of Sussex, Falmer, Brighton, BN1 9QT, UK 3 
2STMicroelectronics, Research and Development, Catania 95121, Italy 4 
3National Research Council, Institute for Microelectronics and Microsystems, (CNR-IMM HQ) Catania 95121, Italy 5 
 6 
Abstract 7 
 8 
4H-SiC Schottky photodiodes, with 25 μm epitaxial layers, employing thin (20 nm) Ni2Si Schottky 9 
contacts, were investigated for high temperature photon counting X-ray spectroscopy.  Important X-10 
ray photodiode detector parameters were extracted from electrical characterization within the 11 
temperature range 160 °C to 0 °C.  The devices were found to be fully depleted at an applied electric 12 
field of 20 kV/cm; a leakage current density of 33 nA cm-2 ± 1 nA cm-2 at 160 °C, was measured for 13 
one of the devices.  The detectors were subsequently connected to low-noise photon counting readout 14 
electronics and investigated for their spectral performance at temperatures up to 100 °C.  With the 15 
charge-sensitive preamplifier operated at the same temperature as the detector the best energy 16 
resolution (Full Width at Half Maximum at 5.9 keV) obtained decreased from 2.20 keV ± 0.04 keV 17 
(120 e- rms ± 2 e- rms) at 100 °C to 1.20 keV ± 0.03 keV (65 e- rms ± 2 e- rms) at 0 °C.  The dominant 18 
source of noise broadening the 55Fe X-ray photopeak was found to be the dielectric noise, except for 19 
the spectra accumulated at 100 °C and long shaping times (> 6 μs), in those case the main source of 20 
photopeak broadening was the white parallel noise. 21 
 22 
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 24 
1. Introduction 25 
 26 
In recent years, the semiconductor material 4H-SiC has been considered for the development of 27 
radiation detectors due to its physical properties.  Its wide bandgap, 3.26 eV [1], yields low thermally 28 
generated leakage currents, allowing high temperature operation.  Its relatively low electron affinity, 29 
3.17 eV [2], results in high Schottky barrier heights and hence in reduced thermionic emission 30 
current, which also contributes to high temperature operation.  Another advantage of 4H-SiC radiation 31 
detectors is their short carrier transit times, i.e. incomplete charge collection noise can be minimised 32 
by application of high reverse electric fields due to the material’s high breakdown field and high 33 
electron and hole saturation velocities [3].  Furthermore, 4H-SiC devices have been experimentally 34 
proven to be radiation hard [4]; the strong interatomic bonding in SiC and its correspondingly high 35 
displacement threshold energy (= 21.8 eV) [5] implies a longer lifetime for SiC detectors than Si 36 
detectors when operating in intense radiation environments.   37 
 38 
In addition to X-ray detection, 4H-SiC radiation detectors have been investigated for UV [6], alpha 39 
particle [7], beta particle [8], neutron [9], light ion [10] [11] [12], and γ-ray [3] detection.  The first 40 
reports of 4H-SiC spectroscopic X-ray detectors were with Au/4H-SiC Schottky diodes which had 30 41 
μm n-type epitaxial layers [13]; a moderate energy resolution was achieved (electronic noise of 136 e- 42 
r.m.s equivalent noise charge) under the illumination of an 241Am γ-ray source.  Development of 43 
prototype single pixel spectroscopic systems employing 4H-SiC epitaxial layers coupled to ultra-low 44 
noise electronics has resulted in near Fano-limited energy resolutions, the best energy resolutions 45 
(FWHM at 5.9 keV) reported to date are 196 eV at 30 °C and 233 eV at 100 °C; these were achieved 46 
using Au/4H-SiC Schottky diodes with 70 μm n-type epitaxial layers [14].  Development of NiSi/4H-47 
SiC Schottky X-ray detectors has also been reported.  Using a thin (18 nm) NiSi Schottky contact, X-48 
ray attenuation within the contact is reduced, and hence the soft X-ray quantum detection efficiency is 49 
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improved, compared to using thicker Schottky contacts [15][16].  Such devices have been shown to 50 
perform spectroscopically with moderate energy resolutions at temperatures up to 80 °C and after 51 
proton irradiation, suggesting high temperature and radiation tolerance of the detectors.  NiSi/4H-SiC 52 
Schottky X-ray detector arrays have also been reported; a FWHM at 17.4 keV of 1.36 keV, at a 53 
temperature of 30 °C was achieved with one such device [16]. 54 
 55 
An alternative to NiSi Schottky contacts on 4H-SiC Schottky diodes is Ni2Si Schottky contacts; the 56 
higher metal work function of Ni2Si (4.8 eV) compared to the metal work function of NiSi (4.5 eV) 57 
[17], may result in larger barrier height (i.e. reduced thermionic emission current) for Ni2Si/4H-SiC 58 
Schottky diodes compared to that of NiSi/4H-SiC Schottky diodes.  Ni2Si/4H-SiC Schottky diodes 59 
have been investigated for alpha particle [18] [19], beta particle [20], and UV [6] detection. 60 
 61 
In this paper, five thin (20 nm) metal film Ni2Si/4H-SiC Schottky photodiodes are investigated for 62 
their suitability in high temperature (up to 100 °C) X-ray spectroscopy.  The device fabrication is first 63 
described, then results from the electrical characterization (dark leakage current and capacitance) of 64 
the devices are presented and discussed.  The saturation current, ideality factor, zero band barrier 65 
height, leakage current density, depletion width, and free carrier concentration, all within the 66 
temperature range 160 °C and 0 °C, are extracted from measurements.  Two of the detectors, D1 and 67 
D2, were then coupled (in turn) to a custom-made charge-sensitive preamplifier and illuminated by 68 
an 55Fe radioisotope X-ray source.  55Fe X-ray spectra were first accumulated using both detectors at 69 
room temperature, and then from 100 °C to 0 °C using detector D2.  The different noise contributions 70 
to the broadening of the photopeak were identified. 71 
 72 
2. Device fabrication  73 
 74 
The 4H-SiC Schottky diodes were fabricated at STMicroelectronics-Catania Research and 75 
Development facilities, Italy, in collaboration with CNR-IMM of Catania, Italy. The 4H-SiC wafer 76 
had a 25 μm thick n type (unintentional doping concentration < 1014 cm-3) epitaxial layer grown on an 77 
n type substrate (300 μm thick with 1019 cm-3 doping concertation) by LPE - Italy.  Sputter deposition 78 
of a 100 nm thick Ni film on the sample back side, followed by a rapid annealing at 1000 °C in N2 79 
ambient, resulted in the formation of 200 nm thick Ni2Si contact layer, the Ohmic contact on the back 80 
side.  Sputter deposition of a 10 nm thick Ni film on the sample front side, followed by a rapid 81 
annealing at 700 °C in N2 ambient, resulted in the formation of  20 nm thick Ni2Si layer, the 82 
Schottky contact on the front side.  The front metal contact was patterned through standard optical 83 
lithography and highly selective metal etch.  The area of each fabricated device was 0.5 mm × 84 
0.5 mm.  The devices were planar and laterally defined by the front metal contact.  The front bond pad 85 
consisted of an AlSiCu metallic layer. 86 
 87 
3. Room temperature current measurements  88 
 89 
The dark currents of all five diodes (D1-D5) as functions of forward and reverse applied bias were 90 
initially measured at room temperature.  The diodes were in turn mounted in a light tight metal box 91 
enclosure; dry N2 was continually flowing into the metal box to ensure a dry environment (< 5 % 92 
humidity).  The bias was applied and the current was measured using a Keithley 6487 93 
Picoammeter/Voltage Source [21].  The uncertainty associated with a single current measurement 94 
reading depended on the current range; for currents up to 2 nA, it was 0.3% of the measurement plus 95 
0.4 pA. 96 
 97 
The forward current, IF, as a function of applied bias, VAF, at room temperature can be seen in Figure 98 
1.  Identical forward current characteristics were measured for all five diodes.  The effect of the series 99 
resistance, which resulted in the forward current deviating from an exponential rise, can be seen at 100 
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high applied forward biases (≳ 1 V) [22].  The saturation current, zero band barrier height, and the 101 
ideality factor of the Schottky diodes, were all extracted from the forward current measurements.  The 102 
linear region of the logarithm of the forward current as a function of applied bias (ranging between the 103 
applied bias of 0.5 V and 0.9 V) was fitted using linear least squares fitting; the extrapolated value of 104 
the fitting to 0 V applied bias corresponded to the saturation current.  It was found to be 2.0 × 10-19 A 105 
± 0.2 × 10-19 A (rms deviance) for the five 4H-SiC Schottky diodes.  The zero band barrier height was 106 
computed using the saturation current and assuming an effective Richardson constant of 146 A cm-2 107 
K-2 [22] [23]; a value of 1.358 eV ± 0.003 eV (rms deviance) was calculated for the five 4H-SiC 108 
Schottky diodes, at room temperature.  The Schottky barrier height ideally equals the difference 109 
between the metal work function (= 4.8 eV for Ni2Si [17]) and the electron affinity of the 110 
semiconductor (= 3.17 eV for 4H-SiC [2]).  Taking into account the effect of the series resistance, the 111 
ideality factor was computed from the d(VAF)/d(IF) as a function of IF plot.  An ideality factor value of 112 
2.72 ± 0.02 (rms deviance) was calculated for the five 4H-SiC Schottky diodes, at room temperature.  113 
The difference between the ideal barrier height of Ni2Si/4H-SiC (1.63 eV) and the measured value 114 
(1.358 eV), as well as the ideality factor’s deviation from unity is discussed in the following section. 115 
 116 
[Figure 1] 117 
 118 
The leakage current, at up to -500 V reverse bias, was measured for each of the five 4H-SiC Schottky 119 
diodes at room temperature.  The results can be seen in Figure 2.  Similar leakage currents were 120 
measured for all five diodes.  Applied reverse biases of -500 V created an applied electric field of 121 
200 kV/cm across the depletion region (25 μm).  Even at this high field strength, the leakage current 122 
remained ≤ 0.5 pA at room temperature, for all five diodes; a value of 0.14 pA ± 0.03 pA (rms 123 
deviance) and 0.33 pA ± 0.06 pA (rms deviance) at -200 V and at -500 V applied reverse bias was 124 
measured, respectively.  It should be noted here that, even though the noise floor of the leakage 125 
current measuring system was ± 0.4 pA, Figure 2 suggested that the uncertainty in leakage current 126 
decreased for a set of measurements not involving changes in temperature.  Assuming no peripheral 127 
leakage current, the measured leakage current corresponded to a leakage current density of ≤ 200 pA 128 
cm-2 at the maximum applied reverse bias (200 kV/cm applied electric field), and ≤ 40 pA cm-2 at -129 
250 V (100 kV/cm applied electric field).  The lowest leakage current density at room temperature 130 
reported for a 4H-SiC Schottky diode was for Ni/4H-SiC diodes with a 115 μm epitaxial layer; a 131 
leakage current density of ≤ 10 pA cm-2 was reported at -200 V applied bias for that device [24].  132 
Although anticipated to be negligible at room temperature, part of the measured leakage current may 133 
be attributed to packaging leakage current, hence the values presented in Figure 2 represented the 134 
upper limit of the leakage currents of the 4H-SiC Schottky diodes. 135 
 136 
[Figure 2] 137 
 138 
4. Temperature dependence current measurements of D1  139 
 140 
For two representative devices, D1 and D2, measurements were made of the temperature dependence 141 
of the device currents within the temperature range 160 °C to 0 °C.  Each device was installed, in turn, 142 
in a light tight metal box enclosure inside a TAS LT climatic cabinet, for temperature control.  The 143 
temperature was initially set to 160 °C, and gradually reduced to 0 °C, with a 20 °C step.  Dry N2 was 144 
continually flowing inside the climatic cabinet and the diode was left for 30 min at each temperature 145 
prior to measurements to mitigate any humidity effects (< 5 % humidity) and ensure thermal 146 
equilibrium.  The bias was applied and the current was measured using a Keithley 6487 147 
Picoammeter/Voltage Source [21].  The leakage currents associated with the devices’ packaging was 148 
measured as a function of applied bias and temperature; it was then subtracted from the total 149 
measured leakage current of the packaged devices so that the characteristics of the devices themselves 150 
could be established. 151 
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 152 
The forward current as a function of applied bias of the 4H-SiC Schottky diode D1 can be seen in 153 
Figure 3 at temperatures between 160 °C and 0 °C.  The saturation current, zero band barrier height, 154 
and ideality factor, as functions of temperature were all extracted from the measurements.  The 155 
saturation current decreased from 3.7 × 10-13 A ± 0.6 × 10-13 A at 160 °C to 4 × 10-21 A ± 2 × 10-21 A 156 
at 0 °C. 157 
  158 
[Figure 3] 159 
 160 
The computed zero band barrier height and ideality factor of D1, as a function of temperature can be 161 
seen in Figure 4.  The zero band barrier height increased from 1.35 eV ± 0.01 eV at 0 °C to 1.485 eV 162 
± 0.006 eV at 160 °C.  The ideality factor improved from 2.88 ± 0.08 at 0 °C to 2.4 ± 0.1 at 160 °C.  163 
As the temperature decreased, from 160 °C to 0 °C, there was a bigger deviation from the ideal 164 
behaviour (i.e. ideality factor = 1), with the zero band barrier height to appearing to be lowered.  The 165 
deviation from ideality observed at all temperatures, with an increased deviation at lower 166 
temperatures, suggested an inhomogeneous barrier [23].  The current through an inhomogeneous 167 
Schottky barrier may be expressed as the sum of currents flowing in an assortment of Schottky barrier 168 
height patches, with lower heights than that of an homogeneous barrier, as has been shown by Tung 169 
[25].  The current may be dominated by Schottky barrier height patches with lower height, as the 170 
temperature is decreased, leading to a larger ideality factor and lower apparent barrier height.  In 171 
contrast, current transport across the metal-semiconductor interface at high temperatures may be 172 
dominated by electrons surmounting the higher barriers, resulting in an increase of the apparent 173 
barrier height.  Similar non-idealities and barrier height dependencies on temperature have been 174 
reported for other 4H-SiC Schottky diodes [26] [27] [28].  The difference between the ideal barrier 175 
height of Ni2Si/4H-SiC (1.63 eV) and the measured value (being temperature dependent and equal to 176 
1.485 eV ± 0.006 eV at 160 °C), as well as the ideality factor deviating from unity, may be attributed 177 
to the presence of inhomogeneous barrier. 178 
 179 
[Figure 4] 180 
 181 
The temperature dependent measured leakage current as a function of applied reverse bias of the 4H-182 
SiC Schottky diode D1 can be seen in Figure 5.  Similar leakage currents were measured for diode 183 
D2.  The leakage current of the 4H-SiC Schottky diode D1, at the maximum applied reverse bias, -184 
200 V, was found to reduce from 0.97 nA ± 0.01 nA at 160 °C to 1.2 pA ± 0.6 pA at 80 °C, and to a 185 
value smaller than the uncertainty of the measuring system (± 0.4 pA) at temperatures < 80 °C.  186 
Similarly, the leakage current of the 4H-SiC Schottky diode D2, at the maximum applied reverse bias, 187 
-200 V, was found to reduce from 1.61 nA ± 0.02 nA at 160 °C to 2.7 pA ± 0.6 pA at 80 °C, and to a 188 
value smaller than the uncertainty of the measuring system (± 0.4 pA) at temperatures < 80 °C.  Both 189 
the 4H-SiC Schottky diode detectors were reverse biased at -50 V for the X-ray spectroscopy 190 
measurements (see Section 6. 55Fe X-ray spectroscopy).  The total (including package) leakage 191 
current at -50 V reverse bias was measured to be 6.4 pA ± 0.4 pA at 100 °C and ≤ 1 pA at 192 
temperatures ≤ 80 °C, and 6.3 pA ± 0.4 pA at 100 °C and ≤ 1 pA at temperatures ≤ 80 °C, for D1 and 193 
D2 respectively. 194 
 195 
[Figure 5] 196 
 197 
The leakage current density was calculated, assuming that there was no peripheral and/or surface 198 
leakage current, by simply dividing the 4H-SiC Schottky diode’s leakage current by its total area.  199 
The leakage current density as calculated at three internal electric fields for the 4H-SiC Schottky 200 
diode D1 can be seen in Figure 6.  Leakage current densities corresponding to leakage currents 201 
smaller than the uncertainty of the measuring system (≈ 4 × 10-13 A) were excluded from the figure.  202 
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The leakage current density of D1 was found to exponentially increase within the temperature range 203 
100 °C (200 pA cm-2 ± 200 pA cm-2) and 160 °C (33 nA cm-2 ± 1 nA cm-2) for relatively low applied 204 
electric field strengths (= 20 kV/cm; -50 V applied bias).  However, this was not the case for the 205 
leakage current density at 40 kV/cm and 80 kV/cm applied electric fields (see Figure 6).  Figure 6 206 
suggested that the leakage current mechanism at high applied electric field strengths varied with 207 
temperature between 160 °C and 80 °C.  In general, the diffusion current is less sensitive to 208 
temperature compared to the thermionic emission current; the tunnelling current becomes the 209 
dominant transport process at low temperatures, and Schottky-barrier lowering is the dominant effect 210 
when the generation current is small [22].  In addition to the above leakage current mechanisms, edge 211 
leakage current, arising from the edge around the periphery of the devices, may dominate the reverse 212 
current component for most practical Schottky diodes.  Measuring the leakage current of devices with 213 
multiple diameters, to quantify the leakage current contribution (if any) of the contact periphery, and 214 
measuring the leakage current of unpackaged devices, to better and completely exclude the 215 
contribution of the package to the measured leakage current, would enable an improved understanding 216 
of the dominant leakage current mechanism as a function of temperature. 217 
 218 
The high temperature leakage current densities of the currently reported Ni2Si/4H-SiC Schottky 219 
diodes were lower, comparable, and higher than previously reported high quality GaAs, InGaP, and 220 
4H-SiC diode detectors, respectively.  For GaAs mesa p+-i-n+ photodiodes, typical leakage current 221 
densities of the order of ~ μA cm-2 (c.f. ~ nA cm-2 for D1) have been recorded at 100 °C when 222 
operated at an internal electric field of 50 kV/cm [29].  An In0.5Ga0.5P mesa p+-i-n+ photodiode had ~ 1 223 
pA leakage current at 100 °C when operated at an applied electric field of 30 kV/cm [30], similar to 224 
D1 (Figure 5).  However, previously reported Au/4H-SiC Schottky diodes had leakage current 225 
densities of the order of 1 nA cm-2 at 100 °C and 103 kV/cm mean electric field [14], whereas 13 nA 226 
cm-2 at 100 °C and 80 kV/cm was measured for the presently reported Ni2Si/4H-SiC Schottky diode 227 
D1. 228 
 229 
[Figure 6] 230 
 231 
5. Temperature dependence capacitance measurements of D1 232 
 233 
The depletion layer width and the carrier concentration of the 4H-SiC Schottky diodes’ epilayer 234 
within the temperature range 160 °C and 0 °C, were both determined from capacitance measurements.  235 
The packaged 4H-SiC Schottky diode D1 was installed in a light tight Al enclosure, inside a TAS 236 
Micro MT climatic cabinet for temperature control.  The temperature was decreased from 160 °C to 0 237 
°C, with a 20 °C step.  Dry N2 was continually flowing inside the climatic cabinet and the diode was 238 
left for 30 min at each temperature prior to measurements, to mitigate any humidity effects (< 5 % 239 
humidity) and ensure thermal equilibrium.  The bias was applied using a Keithley 6487 240 
Picoammeter/Voltage Source [21] and the capacitance was measured using an HP Multi Frequency 241 
LCR meter with a 50 mV rms magnitude and 1 MHz frequency test signal.  The capacitance between 242 
an empty pin (adjacent to D1) and the package’s common pin was measured and subtracted from the 243 
total measured capacitance of the packaged diode D1 to result in the Schottky diode’s depletion layer 244 
capacitance.  The uncertainty of the detector’s capacitance, including the LCR meter accuracy, 245 
uncertainty arising from interconnections, and packaging capacitance uncertainty, was estimated to be 246 
± 0.15 pF.  It should be noted here that the reported capacitance variations with temperature, resulted 247 
from a single set of measurements taken at the same conditions (i.e., only the temperature was varied 248 
and no interconnections were changed), and hence, the associated uncertainty, including only the LCR 249 
meter accuracy and being proportional to the value of the corresponding measured capacitance, was 250 
estimated to range from ± 0.006 pF to ± 0.008 pF. 251 
 252 
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The 4H-SiC Schottky diode capacitance as a function of applied reverse bias within the temperature 253 
range 160 °C and 0 °C can be seen in Figure 7.  The capacitance of D1 decreased as the reverse bias 254 
increased in magnitude from 0 V to -50 V; a reduction from (2.86 ± 0.15) pF at 0 V to (0.80 255 
± 0.15) pF at -50 V was recorded at 20 °C.  No further decrease in capacitance was measured as the 256 
reverse bias further increased (in magnitude) beyond -50 V, suggesting that the epilayer of the 257 
Schottky diode was fully depleted.  The depletion layer width of D1 was calculated from the 258 
measured depletion layer capacitance [22].  The depletion layer width was found to be temperature 259 
invariant within the investigated temperature range; values of 27.7 μm ± 0.2 μm and 27.3 μm ± 0.2 260 
μm were calculated, at the maximum investigated reverse bias, at 160 °C and 0 °C respectively.  The 261 
depletion layer width at 20 °C was measured to be 27 μm ± 5 μm, a value consistent with that 262 
provided by the epitaxial growth supplier (= 25 μm).  The uncertainty of the calculated depletion layer 263 
width resulted from the propagation of the uncertainty in the capacitance measurements (± 0.15 pF). 264 
 265 
[Figure 7] 266 
 267 
The doping concentration in the epilayer was determined as a function of depletion layer width using 268 
the differential capacitance method [22], and can be seen in Figure 8, as calculated for 160 °C and 0 269 
°C.  The extracted doping concentration had a spatial resolution of the order of a Debye length, which 270 
has been calculated for 4H-SiC to be of the order of ≤ 0.2 μm, for the temperatures and doping 271 
densities of interest.  The doping concentration was calculated; it varied between 3.4754 × 1013 cm-3 ± 272 
0.0006 × 1013 cm-3 at 160 °C to 3.3638 × 1013 cm-3 ± 0.0007 × 1013 cm-3 at 0 °C, at the epilayer; a 273 
temperature invariant doping concentration, equal to 1 × 1016 cm-3 ± 1 × 1016 cm-3, was calculated at 274 
the epilayer/substrate interface, within the temperature range 160 °C to 0 °C.  The reported 275 
uncertainties were calculated by propagating the uncertainty associated with the capacitance 276 
measurements.  The relatively low carrier concentration at the epilayer, similar to previously reported 277 
4H-SiC Schottky diodes (= 6.48 × 1013 cm-3 [24]), as well as the abrupt change of the carrier 278 
concentration between the epilayer and the substrate, are both indicatives of the high quality of the 279 
devices. 280 
 281 
[Figure 8] 282 
 283 
6. 55Fe X-ray spectroscopy 284 
 285 
55Fe X-ray spectra were accumulated using two of the 4H-SiC Schottky diode detectors, D1 and D2, 286 
to characterize their detection performance.  An 55Fe radioisotope X-ray source, with ≈ 140 MBq 287 
activity, was placed, in turn, 8 mm above each detector.  Each detector, D1 and D2, was connected in 288 
turn to a custom-made single-channel charge sensitive preamplifier of a feedback resistorless design, 289 
similar to that described by ref. [31] and using a Si input JFET.  The output signal of the preamplifier 290 
was shaped with an Ortec 572A shaping amplifier, which was further digitized using an Ortec 291 
EASYMCA 8k multi-channel analyser (MCA).  55Fe X-ray spectra were initially obtained at room 292 
temperature; temperature dependent spectra, from 100 °C to 0 °C, were then obtained using the 4H-293 
SiC Schottky diode D2.  The preamplifier was operated at the same temperature as the photodiodes. 294 
 295 
6.1. 55Fe X-ray spectroscopy at room temperature with D1 and D2 296 
 297 
Each X-ray spectrometer (4H-SiC detector coupled to the preamplifier and the back end electronics) 298 
was kept at room temperature.  The operating reverse bias of both detectors during the 55Fe X-ray 299 
spectra accumulation was chosen to be -50 V; the detectors’ leakage current was negligible (<0.1 pA, 300 
Figure 2), their capacitance reached its minimum value and they were fully depleted (Figure 7) in 301 
this bias condition.  The shaping time, τ, of the shaping amplifier was varied; spectra were 302 
accumulated for τ = 0.5 μs, 1 μs, 2 μs, 3 μs, 6 μs, and 10 μs.  The live time of each spectrum was 60 s.  303 
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Due to the energy resolution of each spectrometer, the detected photopeak from the 55Fe radioisotope 304 
X-ray source was the combination of the Mn Kα (5.9 keV) and Kβ (6.49 keV) emission lines [32].  305 
Two Gaussians were fitted to each photopeak; the centroid channel number and the area under the 306 
Gaussian peak at 5.9 keV were the free parameters of the fit.  The relative position of the centroid 307 
channel numbers and the relative areas of the two fitted Gaussians were kept fixed.  The relative areas 308 
of the two Gaussian fits was calculated taking into account the appropriate emission ratio of the 55Fe 309 
radioisotope X-ray source [33] and the relative quantum efficiency of the detectors at these two X-ray 310 
photon energies.  The relative quantum efficiency of the detectors at 6.49 keV and 5.9 keV was 0.84; 311 
a quantum efficiency of 0.503 and 0.600 was calculated at 6.49 keV and 5.9 keV, respectively.  The 312 
quantum detection efficiency at each photon energy was calculated as per ref. [34], using the linear X-313 
ray absorption coefficient of SiC [35], assuming an absorption layer of 25 μm, and excluding the 314 
effect of the thin 20 nm thick Ni2Si layer.  An example 55Fe X-ray spectrum obtained using D1, at τ = 315 
3 μs, along with the fitted Gaussians, can be seen in Figure 9.  The FWHM at 5.9 keV was measured 316 
for each spectrum. 317 
 318 
[Figure 9] 319 
 320 
Partial charge collection of charge created in the non-active layers of the detectors resulted in low 321 
energy tailing, which can also be seen in Figure 9.  In order to quantify this partial charge collection, 322 
the valley-to-peak ratio (V/P) was calculated for all obtained spectra, from the ratio between counts at 323 
the valley (channel number corresponding to 3.5 keV) and counts at the peak (centroid channel 324 
number of the 5.9 keV peak).  It was found to be 0.05 for both 4H-SiC Schottky diode detectors, at -325 
50 V reverse bias and room temperature.  The counts of the zero energy noise peak were eliminated 326 
by setting the MCA low energy cut-off at ≈ 2 keV.  However, a small portion of the zero energy noise 327 
peak can still be seen in Figure 9.  The FWHM at 5.9 keV using both 4H-SiC Schottky diodes, as a 328 
function of shaping time, at -50 V reverse bias and room temperature can be seen in Figure 10. 329 
 330 
[Figure 10] 331 
 332 
The optimum shaping time used was found to be 3 μs and 2 μs for D1 and D2, respectively, with a 333 
FWHM at 5.9 keV of 1.29 keV ± 0.03 keV (70 e- rms ± 2 e- rms ENC).  The estimated uncertainty of 334 
the reported FWHM at 5.9 keV values was related to the fitting of the Gaussians to the 55Fe X-ray 335 
photopeaks.  The energy resolution (FWHM at 5.9 keV) of both spectrometers as a function of 336 
shaping time was used to analyse the noise of each system and identify the dominant noise 337 
contribution to the broadening of the photopeak.  The quadratic sum of three independent noises 338 
categories defines the energy resolution of a non-avalanche photodiode based spectrometer [36].  339 
These are the Fano noise, the incomplete charge collection (incomplete CC) noise, and the electronic 340 
noise.  The electronic noise consists of the white parallel noise (WP), the white series noise (WS) 341 
(including the induced gate current noise), the 1/f noise, and the dielectric noise.  For a detailed 342 
description of the different noise components, the reader is referred to refs [36] [37]. 343 
      344 
All the above noise components are shaping time invariant, apart from the white series noise and the 345 
white parallel noise.  The white series noise is inversely proportional to the shaping time and it arises 346 
from the total capacitance at the input of the preamplifier.  The white parallel noise is directly 347 
proportional to the shaping time and it arises from the total leakage current flowing at the detector and 348 
preamplifier’s input JFET.  Hence, a multidimensional least squares fitting estimation method can be 349 
applied to the experimental values of the FWHM at 5.9 keV as a function of shaping time to detangle 350 
the differently shaping time dependent noise contributions (i.e. those that are proportional to shaping 351 
time, inversely proportional to shaping time, and shaping time invariant).  This can be seen in Figure 352 
11. 353 
 354 
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[Figure 11] 355 
 356 
The dominant source of noise, within the investigated shaping time range (0.5 μs to 10 μs) was found 357 
to be the quadratic sum of Fano noise, 1/f noise, dielectric noise, and incomplete charge collection 358 
noise.  This sum was estimated to be similar for both spectrometers employing the 4H-SiC Schottky 359 
diodes; it was found to be 65 e- rms ± 1 e- rms for D1 and 67 e- rms ± 1 e- rms for D2.  The total 360 
leakage current of each spectrometer, including twice the contribution of the detector leakage current 361 
and the input JFET leakage current (the detector leakage current, which flows in the Drain-to-Source 362 
junction, and the Drain-to-Source junction current, are considered as two statistically independent 363 
components, due to the total capacitance at the input of the preamplifier [31]; the same applies for the 364 
input JFET leakage current), was estimated from the shaping time proportional contribution of the 365 
multidimensional least squares fitting of the measured FWHM at 5.9 keV as a function of shaping 366 
time (Figure 11), and was found to be 12 pA ± 1 pA and 6 pA ± 2 pA, when D1 and D2 were used, 367 
respectively.  Similarly, the total capacitance of each spectrometer was estimated from the shaping 368 
time inversely proportional contribution seen in Figure 11; it was found to equal 3.8 pF ± 0.1 pF and 369 
3.1 pF ± 0.3 pF, when D1 and D2 were used, respectively.  The small differences between the total 370 
leakage current and capacitance being present in the X-ray spectrometers were attributed to the 371 
preamplifier’s input JFET being slightly differently biased when each 4H-SiC Schottky diode was 372 
connected.  The uncertainties of the extracted quadratic sum of Fano noise, 1/f noise, dielectric noise, 373 
and incomplete charge collection noise, total leakage current, and total capacitance of each 374 
spectrometer were related to the goodness of the multidimensional least squares fitting. 375 
 376 
6.2. Temperature dependence 55Fe X-ray spectroscopy with D2 377 
 378 
55Fe X-ray spectra were obtained as a function of temperature, within the temperature range 100 °C 379 
and 0 °C.  The Si input JFET of the preamplifier prevented use of the system at temperatures > 100 380 
°C.  The 4H-SiC Schottky diode detector, D2, was coupled to a custom-made single-channel charge 381 
sensitive preamplifier, and the detector/preamplifier system was kept inside a TAS Micro LT climatic 382 
cabinet for temperature control.  The temperature was initially set to 100 °C and decreased to 0 °C, in 383 
20 °C steps, while dry N2 was continually flowing in the climatic cabinet to ensure dry environment 384 
throughout the measurements, and mitigating humidity related effects.  The applied reverse bias to the 385 
detector was chosen to be -50 V, as was the case for the room temperature 55Fe X-ray spectra.  At 386 
each temperature 55Fe spectra were accumulated as functions of shaping time.  However, at 100 °C, 387 
the longest shaping time used was 2 μs due to the large FWHM at 5.9 keV (> 2.3 keV) for shaping 388 
times ≥ 3 μs.  The live time of each spectrum was 60 s.  Gaussians were fitted to the 55Fe X-ray 389 
photopeaks of the obtained spectra, and the FWHM at 5.9 keV of each was recorded.  The obtained 390 
spectra with the best energy resolution (FWHM at 5.9 keV) at 100 °C and 0 °C, for the spectrometer 391 
employing the 4H-SiC Schottky diode, D2, can be seen in Figure 12. 392 
 393 
[Figure 12] 394 
 395 
The low energy tailing, seen in Figure 12, resulted from partial charge collection of charge created in 396 
the non-active layers of the device.  In addition to partial charge collection, the zero energy noise peak 397 
overlapped the 55Fe photopeak at high temperatures (i.e. 100 °C, see Figure 12 (a)), which resulted in 398 
further increase of the valley-to-peak ratio.  The V/P ratio, defined as the ratio between counts at the 399 
valley (channel number corresponding to 3.5 keV, apart from spectra at 100 °C, where the valley was 400 
at a channel number corresponding to 4.2 keV) and counts at the peak (centroid channel number of 401 
the 5.9 keV peak) was calculated; it improved from 0.44 ± 0.02 at 100 °C (-50 V reverse bias and 1 μs 402 
shaping time), to 0.052 ± 0.008 at 0 °C (-50 V reverse bias and 10 μs shaping time) and it broadly 403 
followed the improvement of the FWHM at 5.9 keV.  The uncertainties associated to the V/P ratio 404 
were calculated assuming a Poissonian process; the statistical fluctuation of the total number of the 405 
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detected counts in each channel equalled the square root of the total number of counts within the 406 
channel.  The best energy resolution (FWHM) at 5.9 keV improved from 2.20 keV ± 0.04 keV (120 e- 407 
rms ± 2 e- rms) at 100 °C to 1.20 keV ± 0.03 keV (65 e- rms ± 2 e- rms) at 0 °C.  The best FWHM at 408 
5.9 keV at each temperature can be seen in Figure 13.  It should be noted here that the FWHM at 5.9 409 
keV, at 0 °C, remained stable from 2 μs (1.21 keV ± 0.03 keV) to 10 μs (1.20 keV ± 0.03 keV), within 410 
uncertainties. 411 
 412 
[Figure 13]  413 
 414 
There was a bigger improvement in FWHM at 5.9 keV as the temperature decreased from 100 °C to 415 
80 °C, compared to the same improvement as the temperature decreased from 20 °C to 0 °C.  The best 416 
obtained FWHM at 5.9 keV improved by 360 eV ± 50 eV for a 20 °C temperature reduction, from 417 
2.20 keV ± 0.04 keV at 100 °C to 1.83 ± 0.03 keV at 80 °C, whereas there was only 60 eV ± 40 eV 418 
reduction in the best obtained FWHM at 5.9 keV for a 20 °C temperature reduction, from 1.26 keV ± 419 
0.03 keV at 20 °C to 1.20 ± 0.03 keV at 0 °C.  In order to explain this observation and detangle the 420 
three noise contributions (proportional to shaping time, inversely proportional to shaping time, and 421 
shaping time invariant) at each temperature, a multidimensional least squares fitting estimation 422 
method was used to the experimental values of the FWHM at 5.9 keV as a function of shaping time, 423 
within the temperature range 100 °C to 0 °C, and it can be seen in Figure 14. 424 
 425 
[Figure 14] 426 
 427 
The dominant source of noise within the investigated shaping time and temperature range was the 428 
quadratic sum of the dielectric noise, incomplete charge collection noise, 1/f noise, and Fano noise, 429 
apart from at shaping times > 6 μs and a temperature of 100 °C (both conditions fulfilled), where the 430 
white parallel noise dominated. 431 
 432 
The 1/f noise can be calculated as per ref. [36] and the Fano noise as per ref. [38].  The 1/f noise was 433 
calculated to reduce from 96 eV at 100 °C, to 73 eV at 0 °C, for the detector reverse biased at -50 V.  434 
The Fano noise was calculated to be equivalent to 160 eV at 5.9 keV, assuming a Fano factor of F = 435 
0.1 [14] and an electron hole pair creation energy of ω = 7.8 eV [39].  Subtracting in quadrature the 436 
1/f and the Fano noise from the shaping time invariant noise contribution, and assuming insignificant 437 
incomplete charge collection noise, the result is the dielectric noise contribution, which can be seen in 438 
Figure 15 (a).  The dielectric noise of the X-ray spectroscopic system based on the 4H-SiC Schottky 439 
diode D1 reduced from 1.90 keV (equivalent to 103 e- rms) at 100 °C to 1.10 keV ± 0.03 keV 440 
(equivalent to 61 e- rms ± 2 e- rms) at 0 °C.  The uncertainties of the dielectric noise contribution 441 
resulted from the uncertainties of the extracted quadratic sum of Fano noise, 1/f noise, dielectric noise, 442 
and incomplete charge collection noise, which were related to the goodness of the multidimensional 443 
least squares fitting, and assuming negligible uncertainty in the calculated Fano and 1/f noise.  The 444 
uncertainty of the dielectric noise contribution at 100 °C could not be calculated, since the 445 
multidimensional fitting performed to only three experimental values of the FWHM at 5.9 keV (at 0.5 446 
μs, 1 μs, and 2 μs), number equal to the number of coefficients of the multidimensional fit.  The 447 
dielectric noise depends proportionally on the temperature [36] and hence, a reduction of the dielectric 448 
noise with reduced temperature was expected.  The temperature effect on the dielectric noise is not 449 
only limited to this dependence; the dielectric noise depends on the capacitance and the dissipation 450 
factor of the lossy dielectrics, which may also be temperature dependent.  The dielectric noise was 451 
attributed to lossy dielectrics at the input of the preamplifier, including the JFET’s dielectrics, 452 
passivation, and packaging, the feedback capacitance, the detector’s packaging, and the detector itself 453 
[37] [39] [40]. 454 
 455 
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The white series noise contribution was found to decrease with decreased temperature for the reported 456 
spectrometer.  The deduced total capacitance at the input of the preamplifier, giving rise to white 457 
series noise, can be seen in Figure 15 (b).  It was found to be 4.9 pF at 100 °C, reducing to 3.7 pF ± 458 
0.3 pF at 0 °C; the total capacitance was temperature invariant from 80 °C to 0 °C, within 459 
uncertainties.  The uncertainties of the extracted total capacitance of the X-ray spectrometer were 460 
related to the goodness of the multidimensional least squares fitting; the uncertainty of the total 461 
capacitance at 100 °C could not be calculated, since the multidimensional fitting at 100 °C performed 462 
to only three experimental values of the FWHM at 5.9 keV.  The reduction of the total capacitance as 463 
the temperature decreased from 100 °C to 0 °C was attributed to the reduction of the input JFET 464 
capacitance, since the detector capacitance at -50 V reverse bias was temperature invariant (Figure 6).  465 
The input JFET capacitance may vary with temperature due to the change of the bias condition of the 466 
input JFET. 467 
 468 
Similarly to the white series noise contribution, the white parallel noise was also found to decrease 469 
with decreased temperature.  The total leakage current giving rise to the observed white parallel noise 470 
can be seen in Figure 15 (c), as a function of temperature.  It was found to reduce from 134 pA at 100 471 
°C to 4 pA ± 2 pA at 0 °C.  The uncertainties of the extracted total leakage current of the X-ray 472 
spectrometer were related to the goodness of the multidimensional least squares fitting; the 473 
uncertainty of the total leakage current at 100 °C could not be calculated, since the multidimensional 474 
fitting at 100 °C performed to only three experimental values of the FWHM at 5.9 keV.  Since the 475 
deduced total leakage current consisted of twice the contribution of the detector’s and the input 476 
JFET’s leakage current [31], it can be said that the sum of the detector’s and the input JFET’s leakage 477 
current, including their package leakage current, reduced from 67 pA at 100 °C to 2 pA ± 1 pA at 0 478 
°C.  At -50 V reverse bias, the total leakage current of D2 was measured to be 6.3 pA ± 0.4 pA at 100 479 
°C, and ≤ 1 pA at ≤ 80 °C.  Hence, the leakage current of the input Si JFET, along with its package, 480 
dominated over the 4H-SiC detector’s leakage current, which emphasizes the importance of ultra-low-481 
noise preamplifier electronics. 482 
 483 
[Figure 15] 484 
 485 
The energy resolution (FWHM at 5.9 keV) of the X-ray spectrometer employing D2 (e.g. 1.26 keV at 486 
20 °C) is better than previously reported semi-transparent 4H-SiC Schottky diodes (1.49 keV at 5.9 487 
keV [41] and 1.36 at 22.16 keV [15]) and better than commercial 4H-SiC Schottky UV photodiodes 488 
repurposed for X-ray detection (1.8 keV at 5.9 keV [42]).  However, the best energy resolution 489 
achieved with a 4H-SiC X-ray detector was far better than the currently reported results; 0.233 keV 490 
FWHM at 5.9 keV at 100 °C was reported using an ultra high quality 4H-SiC Schottky diode coupled 491 
to ultra-low-noise electronics (8.9 e- rms electronic noise) [14].  It should be noted here that 103 e- 492 
rms out of 120 e- rms (= ENC at 5.9 keV, at 100 °C), was the dielectric noise of the X-ray 493 
spectroscopic system.  The dielectric noise contribution of the detector and the input JFET was 494 
calculated as per ref. [36], assuming a dissipation factor of 4 × 10-4 for 4H-SiC [43] and 2 × 10-3 for Si 495 
[44]; it was calculated to be 24 e- rms for the 4H-SiC detector, 39 e- rms for the input JFET, and 496 
46 e- rms their combined contribution.  If the stray dielectric noises (i.e. dielectric noises other than 497 
those of the detector and JFET themselves) could be eliminated by an improved design of the 498 
preamplifier’s input, 45 e- rms out of the 64 e- rms total dielectric noise (since 46 e- rms corresponded 499 
to the combined contribution of the detector and input JFET dielectric noise) would be eliminated and 500 
the achievable energy resolution would improve to 0.95 keV at 5.9 keV, at 20 °C.  This result 501 
emphasizes the need for the development of low noise electronics, specifically designed to be used 502 
with wide bandgap semiconductor detectors, whose relatively larger electron hole pair creation energy 503 
results in relatively poorer energy resolution for a given ENC, compared to narrow bandgap 504 
semiconductor detectors. 505 
 506 
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The operation of the X-ray spectrometer at temperatures > 100 °C was limited by the electronic noise 507 
of the preamplifier electronics, rather than the 4H-SiC Schottky photodiode detector itself.  The 508 
capacitance of the detector was found to be temperature invariant within the temperature range 100 °C 509 
and 160 °C, implying that the white series noise and the 1/f noise  contributions (both capacitance 510 
dependent) from the detector would not increase for a temperature increase from 100 °C to 160 °C.  511 
Also, the leakage current of the 4H-SiC Schottky photodiode at -50 V applied reverse bias (excluding 512 
the leakage current of the package), was found to increase from 0.3 pA ± 0.6 pA at 100 °C to 33 pA ± 513 
4 pA at 160 °C, suggesting a small increase of the white parallel noise contribution of the detector 514 
from 2 e- rms at 100 °C to 20 e- rms at 160 °C (at 1 μs shaping time).  The dielectric noise 515 
contribution of the 4H-SiC Schottky photodiode detector would be expected to increase as the 516 
temperature increases from 100 °C to 160 °C, given that it is directly proportional to the temperature.  517 
However, the temperature invariant capacitance of the reported detector, along with the relatively 518 
small value of the dissipation factor of 4H-SiC (of the range of 10-4 at 22 °C, at 40 GHz [43]) 519 
suggested a relatively small increase of the dielectric noise contribution of the 4H-SiC Schottky 520 
photodiode detector for a temperature increase from 100 °C to 160 °C. 521 
 522 
7. Conclusions 523 
 524 
For the first time, 4H-SiC Schottky photodiodes employing thin (20 nm) Ni2Si Schottky contacts were 525 
evaluated for high temperature photon counting X-ray spectroscopy.  Electrical characterization of the 526 
devices at temperatures from 160 °C to 0 °C was followed by 55Fe X-ray spectra measurements using 527 
two devices at room temperature, and one device at temperatures from 100 °C to 0 °C. 528 
 529 
Detector current measurements as functions of applied bias at room temperature were similar for all 530 
five 4H-SiC Schottky diodes.  The devices exhibited low leakage current densities (≤ 200 pA cm-2 at 531 
an applied electric field of 200 kV/cm and room temperature), a zero band barrier height (1.358 eV ± 532 
0.003 eV) smaller than expected (1.63 eV), and an ideality factor (2.72 ± 0.02) which deviated from 533 
unity.  The presence of an inhomogeneous barrier was suggested from temperature dependent current 534 
measurements.  Leakage currents at -200 V applied reverse bias of 0.97 nA ± 0.01 nA and 1.61 nA ± 535 
0.02 nA at 160 °C were measured for D1 and D2, respectively.  Both devices had leakage currents 536 
smaller than the uncertainty of the measuring system for temperatures < 80 °C.  Capacitance 537 
measurements suggested that the devices were fully depleted at -50 V applied bias, with a calculated 538 
depletion layer width (temperature invariant) of 27 μm ± 5 μm.  A temperature invariant doping 539 
concentration was also extracted; it varied from 3 × 1013 cm-3 at the epilayer to 1 × 1016 at the 540 
epilayer-substrate interface within the temperature range 160 °C to 0 °C. 541 
 542 
The best energy resolution (FWHM at 5.9 keV) achieved at room temperature was 1.29 keV ± 0.03 543 
keV (70 e- rms ± 2 e- rms ENC) with detector D2.  The dominant source of noise, within the 544 
investigated shaping time range (0.5 μs to 10 μs) was found to be the quadratic sum of Fano noise, 1/f 545 
noise, dielectric noise, and incomplete charge collection noise.  55Fe X-ray spectra obtained using D2 546 
had a FWHM at 5.9 keV of 2.20 keV ± 0.04 keV (120 e- rms ± 2 e- rms) at 100 °C, which improved to 547 
1.20 keV ± 0.03 keV (65 e- rms ± 2 e- rms) at 0 °C.  Noise analysis of the spectroscopic system 548 
revealed that the dominant source of noise was the dielectric noise, within the temperature and 549 
shaping time ranges investigated, apart from > 6 μs and 100 °C where the white parallel noise 550 
dominated.  The dielectric noise of the X-ray spectroscopic system based on the 4H-SiC Schottky 551 
diode D2 was found to reduce from 1.90 keV (equivalent to 103 e- rms) at 100 °C to 1.10 keV ± 552 
0.03 keV (equivalent to 61 e- rms ± 2 e- rms) at 0 °C.  553 
 554 
The reported X-ray spectrometer based on Ni2Si/4H-SiC Schottky diode detectors had a modest 555 
energy resolution compared to the best achieved with 4H-SiC X-ray detectors, but its energy 556 
resolution was limited by the preamplifier electronics rather than the detector itself.  The results 557 
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indicate that little energy resolution degradation would be expected as a consequence of the detector 558 
itself if the operating temperature was increased from 100 °C to 160 °C; rather the preamplifier is the 559 
limiting factor in this condition.  All the above results, along with previously reported 4H-SiC 560 
radiation hardness measurements, suggested that the Ni2Si/4H-SiC Schottky diode detectors may find 561 
uses in future applications for X-ray detection in environments of high temperature and intense 562 
radiation. 563 
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Figure 1.  Current as a function of forward bias of the 4H-SiC Schottky diode, D1 (- symbols), D2 
(filled circles), D3 (open squares), D4 (+ symbols), and D5 (filled diamonds), at room temperature. 
Figure 2.  Leakage current as a function of reverse bias of the 4H-SiC Schottky diode, D1 
(- symbols), D2 (filled circles), D3 (open squares), D4 (+ symbols), and D5 (filled diamonds), at room 
temperature. 
Figure 3.  Current as a function of forward bias of the 4H-SiC Schottky diode, D1, within the 
temperature range 160 °C to 0 °C. 
Figure 4.  Calculated (a) zero band barrier height and (b) ideality factor of the 4H-SiC Schottky 
diode, D1, as a function of temperature. 
Figure 5.  Dark current as a function of reverse bias of the 4H-SiC Schottky diode, D1, within the 
temperature range 160 °C to 80 °C.  The dark current was measured to be smaller than the uncertainty 
of the measuring system at temperatures < 80 °C. 
Figure 6.  Leakage current density as a function of temperature at three electric fields, 80 kV/cm 
(-200 V applied reverse bias) (filled circles), 40 kV/cm (-100 V applied reverse bias) (open 
diamonds), and 20 kV/cm (-50 V applied reverse bias) (× symbol), of the 4H-SiC Schottky diode, D1.  
Lines are guides for the eye only. 
Figure 7.  (a) Capacitance and (b) calculated depletion layer width as a function of reverse bias of the 
4H-SiC Schottky diode, D1, at 160 °C (dashed line) and 0 °C (solid line).  The error bars for the 
depletion layer width at 0 °C, as calculated based on the uncertainties in the capacitance 
measurements, can also be seen. 
Figure 8.  Calculated effective carrier concentration of the 4H-SiC Schottky diode, D1, at 160 °C 
(dashed line) and 0 °C (solid line). 
Figure 9.  The 55Fe X-ray photopeak as obtained using the 4H-SiC Schottky diode, D1, at -50 V 
reverse bias and 3 μs shaping time.  The individually fitted Mn Kα (5.9 keV) and Mn Kβ (6.49 keV) 
Gaussian peaks, along with their combination, are also shown. 
Figure 10.  FWHM of the 5.9 keV peak, using the 4H-SiC Schottky diode D1 (circles) and D2 
(diamonds), as a function of shaping time, at -50 V reverse bias.  The ENC (in e- rms) is also shown. 
Figure 11.  Equivalent noise charge at 5.9 keV for the 4H-SiC Schottky diode (a) D1 and (b) D2 as a 
function of shaping time.  The three noise contributions, inversely proportional to shaping time (white 
series), directly proportional to shaping time (white parallel) and shaping time invariant (Fano, 1/f, 
dielectric, and incomplete charge collection) have been determined with a multidimensional least 
squares fitting of the experimental points.  The error bars were smaller than the symbols’ size, and 
thus were omitted. 
Figure 12.  55Fe X-ray spectra accumulated with the 4H-SiC Schottky diode, D2, at (a) 100 °C (-50 V 
reverse bias and 1 μs shaping time) and (b) 0 °C (-50 V reverse bias and 10 μs shaping time).  The 
fitted Mn Kα (5.9 keV) and Mn Kβ (6.49 keV) Gaussian peaks, along with their combination, can also 
be seen.  
Figure 13.  FWHM at 5.9 keV (using the 4H-SiC Schottky diode, D2) as a function of temperature, at 
-50 V reverse bias.  The ENC (in e- rms), and the optimum shaping time [μs] at each temperature is 
also shown. 
Figure 14.  FWHM at 5.9 keV (using the 4H-SiC Schottky diode, D2) as a function of shaping time, 
at -50 V reverse bias, within the investigated temperature range, 100 °C to 0 °C.  The solid lines show 
the multidimensional least squares fitting to the experimental FWHM at 5.9 keV.  The error bars were 
smaller than the symbols’ size, and thus were omitted. 
Figure 15.  (a) Total dielectric noise (assuming negligible contribution from incomplete charge 
collection noise), (b) capacitance contribution to the white series noise, and (c) total leakage current 
contribution to the white parallel noise for the spectrometer employing 4H-SiC Schottky diode, D2, 
and as deduced from the multidimensional least squares fitting of the measured FWHM at 5.9 keV as 
a function of shaping time at -50 V reverse bias, at each temperature. 
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